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ABSTRACT

The irradiation by infrared laser light of an atom adsorbed on the surface

of a harmonic crystal is considered. The dynamic coupling between the atom (its
motion) and the substrate degrees of freedom (phonon field) in the presence of a
confining potential well (van der Waals bond between atom and crystal) gives
rise to thermal relaxation of this adbond configuration. Both the atom and the
substrate are assumed to be transparent, but the bond is allowed to have non-
vanishing dipole-moment matrix elements, which couple the external field to the
adsorbate. The equation of motion for the reduced adbond density operator is
obtained with reservoir theory, and the relaxation constants are expressed in
properties of the crystal. With a similar method, the spectral profile for
absorption of weak radiation is derived. Subsequently, the illumination by a
strong finite-linewidth laser field which is in close resonance with a single
transition of the adbond is examined. The optical Bloch equations in operator
form are derived and applied to study the process of laser heating of the

v crystal. It is pointed out how this mechanism can be understood as resulting

from (multi)photon-phonon conversion reactions which are mediated by the adbond.
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I. INTRODUCTION

Applications of tunable laser sources in contemporary experiments in
physics and chemistry ca. roughly be subdivided into two categories. In the
first class the laser is used as a diagnostic tool to investigate a dynamical
system with spectroscopic methods. Scanning the :requency of a low-power field
which is incident on an atom or molecule reveals the resonances of the system as
lines in the absorption profile. Interaction of the system with the environment
(collisions, spontaneous emission, presence of boundaries, etc.) amounts to
relaxation of the molecule, which in turn broadens a spectral line in such a way
that the width of the line is proportional to the inverse relaxation rate of the
specific transition. More subtle properties of the line shape, such as the far-
wing decay, carry information on the details of the interaction, since the
frequency dependence of the absorption is determined by the Fourier-Laplace
transform of the time-evolution operator of the density operator.1 Therefore,
it can be expected that a profound comprehension of dynamical properties can be
achieved from an accurate observation of spectral profiles. However, this
method requires an elaborate theory which disentangles the contributions of the
various mechanisms to the line shape.

In the second category of experiments, a radiation field is applied in
order to modify or even induce a process. An incident photon can supply the
necessary activation energy for a reaction which is very unlikely to take place
without a field. The advantage of a narrow-band laser is that by tuning the

laser frequency, the process can be optimized, in contrast to, for instance,

thermal excitation of a species (collisions). Prime examples are laser-induced
dissociation and ionization and atomic resonance fluorescence. In more rigorous

situations, a strong (pulsed) laser is merely used as a heat gun (melting,
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vaporization), and the color and polarization of the field are not of crucial
importance.2

In the present paper we consider optical features of atoms which are
adsorbed on a crystal. An atom is bounded to the substrate by electromagnetic
interaction with the crystal atoms (van der Waals energy), which is effectively
described by a potential well. The few (-25) vibrational adbond states have
transition frequencies (level separations) of the order of 50 ¢:m-1 up to 500
cm-l, which is in the infrared (IR) region of the optical spectrum. Both the
atom and the crystal are supposed to be transparent for IR light, as is for
instance the case for noble-gas atoms on potassium chloride. The vibrational
states, however, exhibit an optical activity in the sense that there are non-
vanishing dipole matrix elements between the various bound states. Irradiation
with an IR laser will then amount to photon absorption by the bond, and hence
the spectral profile will reflect the properties of the binding potential and
the dynamical interaction with the substrate. In this fashion we can study
transparent crystals with spectroscopic methods, where the medium for transport

of the information is furnished by the adsorbed atoms. This situation is

reminiscent of the more familiar problem of collisional redistribution by
neutrals in gas-phase experiments. Transparent atoms are immersed in a buffer
gas, and photons from an incident field are absorbed during collisions only.
Accurate measurements of line shapes then allow the determination of interaction
potentials. The only distinction is that collisional redistribution deals with
scattering states, whereas the spectroscopy of adsorbates involves bound states.
It can be anticipated that the established methods for the gas phase can be
converted into suitable surface equivalents, although experiments along this

line are still rate.3’a
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Efforts in the second category of the application of lasers in this system
are far more common, and most notably studied is the process of resonant
desorption. "’ An intense IR laser is tuned into resonance with the transition
frequency between a low-lying and a high-lying vibrational state. Absorption of
a photon is accompanied by a transition of the adbond to the high-lying state,
which is close to the continuum. Then the crystal, regarded as a thermal bath,
has only to provide a small amount of energy in order to accomplish the
desorption of the atom. Without the driving laser this process would not occur,
since the atomic bond has to be excited to the high-lying state by thermal
coupling to the substrate. 1In this way, one has expected to be able to make
clean surfaces, without heating (as in thermal desorption) or damaging the
mat.erials.s.13 Another idea has been that advantage could be taken of the
resonant nature of the process. Different adsorbed species would be desorbed
1). selectively, depending on the laser frequency, which would provide a practical
method for isotope separation, or less ambitious, separation of tnolecules.lz.13

Although the sketched process will obviously happen if the radiative coupling is

sufficiently strong, it does not necessarily mean that the efficiency is very

high. Recent experiment58 show a quantum yield of about 17 (ratio of desorbed
atoms to absorbed photons), which conversely implies that almost all radiation
is converted into thermal energy of the substrate. Consequently, the solid
heats up very fast, and this is precisely what one tries to avoid. Since the
thermal coupling is inevitable, the conclusion is that resonant desorption is
not a very promising technique. Furthermore, the selectivity has turned out to
be very poor, if present at all, which is probably due to a rapid energy
exchange between different adsorbates preceeding the desorption.la From a
different point of view, however, this mechanism could be applied for laser

heating of a transparent crystal. By manipulating the spatial variations of the
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laser intensity, this process can be used to maintain well-controlled

tenperature gradients along a gas-solid interface.

II. KINETIC PHONON COUPLING

An atom with mass m is physisorbed on the surface (xy-plane) of a crystal,
and its motion is assumed to be mainly perpendicular to the surface (z-
direction). The interaction potential with the solid is subdivided into two

parts, V1 and Vz, where V. represents the potential well resulting from the

1
coupling to the closest surface atom, and V2 is an effective repulsive
potential, which is brought about by the remainder of the crystal and confines
the atom to the region z > 0. The thermal-equilibrium position of the nearest
surface atom, with mass M, is taken as the origin of the coordinate system.
Then the positions of m and M are denoted by ze, and u, respectively, and V1

depends on |zgz - u| only, whereas V, depends on z. Subsequently, it can be

2
asserted that u (- 0.1 A) is much smaller than z (2 1 A), which allows a Taylor

expansion of V, around u = 0. Hence we can write

1

dv

1
Vl(lzgz ul) = Vl(z) “ue, 3ot .. (2.1)

and then omit the ellipsis. In physical terms this means that we neglect

multiphonon processes in comparison with single-phonon transitions, as will
become clear in due course.

Next we notice that the expansion (2.1) separates the covpling with the
lattice vibrations (last term) from the interaction Vl(z) with the static
crystal, which equals the interaction for u = 0. A convenient basis set for the
adbond wave function is therefore provided by the eigenstates of the adbond

Hamiltonian Ha’ defined as

RN R N .
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S A
Ha ™ dzz + Vl(z) + Vz(z) (2.2)

where the first term is the kinetic energy. Once a potential is prescribed, the

eigenvalues ﬁwi and the eigenfunctions |i> of the Ha can be evaluated with

standard methods. A common choice for the combination Vl(z) + Vz(z) is a Morse
15-19

potential or a truncated harmonic potential.20 We shall not refer to a

specific potential in this paper, but only use the eigenvalue equation
H |i> = nmi|i> (2.3)

and assume the eigenstates to be non-degenerate (as for a Morse potential).

Then in turn we can represent Ha with respect to its own eigenstates as

=
(]

2 YiwiPi (2.4)

i

with P, |i><i] the projector on the i-th adbond state.
As a model for the crystal we adopt a harmonic-lattice representation, for
which the Hamiltonian readsz1

- +
i - 2 holidal a (2.5)
s

in terms of the annihilation and creation operators for phonons (bosons) in the
mode ks. The summation runs over the wave vectors k and branches s which are
supported by the crystal, and the dispersion relation w = w(k) is taken to be
independent of s and of the direction of k. Coupling between the phonon field
and the adbond is brought about by the position operator u of M, which equals

the displacement field at the origin. Explicitly,

)
u= 2 {ZMVw(k)} (aks + a ) Eks (2.6)
ks
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in terms of the volume v of a unit cell and the quantization volume V.

Combining everything then gives for the Hamiltonian of the adbond plus crystal
H=H +H -RS (2.7)
a p
with the abbreviations

R = ue S = dVI/dz . (2.8)

It will appear in the next section that it is advantageous to work with a

density-operator formalism, so the equation of motion is
2 = ) , pt=p , Tro=1 . (2.9)

Fren Eq. (2.6) we see that the interaction between adbond and crystal, -RS, is
linear in the creation and annihilation operators, which implies that -RS can
only induce transitions between crystal states which differ by not more than one
phonon. In other words, by retaining only the linear term in the expansion
(2.1), we discard multiphonon processes, which can be justified as long as any
set of two adbond states is resonantly coupled by a single-phonon process.
Physically this implies that any level separation Iwi - wjl must be smaller than

the cut-off frequency of the dispersion relation, which is the Debye frequency

QAD.

III. THERMAL RELAXATION

The full density operator p(t) of a single atom and a large crystal has not
I much significance. Since we are interested in the dynamics of the adbond, we

consider the reduced density operator po(t), defined as

| p (t) = Ttpp(t) (3.1)




e 8 |
A )

o where the trace runs over all phonon states. On the other hand, the crystal is
e
ﬂ: regarded as a large reservoir at temperature T, for which the density matrix
o
n equals
& -1
’ p_ = exp(-gH )[Tr_exp(-gH (3.2
s: Pp p(-B p [ p p(-8 p)l )
with g = (kT)-l. Coupling between the adbond and the heat bath then gives rise
4 to the thermal relaxation of pq(t), and eventually po(t) reaches a steady state
vy
At
R B
b P, = lim p _(t) (3.3)
) o
A
fJ in which the atomic bond and the crystal are in thermal equilibrium.
™
.i It is a standard procedure in relaxation theory to derive an equation for
N

the reduced density operator po(t). Both projection techniques22 and a
- reservoir approach 23,24 yield the same result, provided that equivalent

approximations are made.25 Here we will briefly summarize the derivation of

Ref. 24 and adopt a Licuville-operator notation, which will allow a concise

> formulation. A Liouvillian L is related to a Hamiltonian H according to

~

L% -1

d Lp = K "[H,p] (3.4)
s which defines the action of L on an arbitrary operator p in Hilbert space. Then
4
f one regards p as a vector in Liouville space and L as a linear operator in that
Ny

space. Consequently, an N-dimensional Hilbert space generates an Nz-

L

:: dimensional Liouville space. Matrix representations of Liouvillians can be

o
.:- constructed in the very same way as for operators in Hilbert space. A theorem
o)

that follows immediately from Eq. (3.4) is

L
g;
.:j exp(Ls)p = exp(Hs/h)pexp(-Hs/h) (3.5)
S

) vhere, for instance, s = it.

=

o

o8

2,
)‘.’- )
o O
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Reservoir theory starts with a transformation of the equation of motion
(2.9) to the interaction picture, where the coupling -RS is considered as the

interaction. With
p(t) = exp[i(L, + Lp)t]p(t) (3.6)
Eq. (2.9) can be written as

ik S B(t) = -W(e)p(e) (3.7)

where W(t) is defined as the Liouvillian
W(t)p = [(exp(i(La + Lp)t)(RS)).o] (3.8)

for an arbitrary p. As the initial condition we choose

-

p(0) = DO(O)Ep . (3.9)

Then the identity

b Trp(w(t)p(O)) =0 (3.10)

follows from the fact that Bp commutes with Hp, and from the explicit form of R,

Eqs. (2.6) and (2.8), which gives TrpRBp = 0. If we now integrate Eq. (3.7),

. take the trace over the phonon states, and use Eq. (3.10), we find

d (t) = —n'zT Jtd W(t)W(t-t)p(t-1) (3.11)
dtpo t‘po‘t T)p T .

vhich is an exact integral of the equation of motion.
Obviously, the integral in Eq. (3.11) is awkward, and a series of

approximations has to be made in order to obtain a manageable expression. The

L 2 g 2B o

crucial step which has to be made is the factorization

p(t-1) = Bo(t-t)ip (3.12)




ks ok 8k A AUR A k4 2% &8 dca st dia-din e Al sy -2l ahoainsalaalh Sl Sal 2al A Sat bl it Sad b Sl
S acy agk aod sod 2o . malk sl ok Sel - -

5 10
A
5
% in the integrand of Eq. (3.11). Then we substitute the explicit form of W(t),
el use Eq. (3.5) several times, and transform back to the Schrodinger picture with
X
o the inverse relation of Eq. (3.6). Finally we obtain
% d i t
;. i3 po(t) = Lapo(t) - 97 Lg Iodt exp(iLaT)Lc(r)po(t-t) (3.13)
Y
4 vhere L. and LC(T) are defined by
:
e Lgp = [S,p]
-" X
- L (t)p = G(1)Sp - G(1) pS (3.14)
RN c
.».")
f‘} vhich involves the reservoir correlation function
tal
W G(1) = 27k 2Tr RS exp(ilL TR . (3.15)
N p P p
o)
o
N
?f’ Inspection of Eq. (3.13) shows that the coupling to the crystal only enters
g through the function G(t). Approximation (3.12) is sufficient to separate
2; reservoir and adbond operators, and the presence of the solid can be accounted
R
o for by a single function G(1).
Of paramount importance for the validity of a reservoir approach is that
A
’ﬁ: G(<) decays to zero (for 1+=) sufficiently quickly. Due to the interference
.'.“-
- between the many phonon modes, the typical decay time will be of the order of
i the inverse cut-off frequency of the spectrum, which is wyy for a crystal. This
‘
-
f\: wvill become more clear in the next section. Then Lc(r) deviates from zero only
i for 1 = 0, and the most crude approximation would be to replace it by an
e operator which is proportional to a delta function. It is easy, however, to do
S much better. The net effect of the coupling of the adbond to the crystal is a
) *n
oy dacping on a time scale which equals the inverse linewidth. Since this is very
K slow in comparison with mD-l, we conclude that in the interaction picture, p(t-x)
ﬂr
‘i
)
i
“*'

v k]
Y,

L) - Ly ¥ o -l
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;sg. varies negligibly on a time scale wb-l' and therefore we can replace p(t-1) by
7,44
éﬁv p(t) in Eq. (3.11). This is the Markov approximation, and the equivalent in
.,"'
h the Schrodinger picture reads
i

. po(t-r) = exp(iLat)po(t) (3.16)
e .
W which can be inserted into Eq. (3.13). Then we can replace the upper
r
o integration limit by infinity, which yields for the equation of motion
? 3
.. :( d— = -
o 195 2,(8) = (L, - 1D)p (t) . (3.17)
i; Relaxation of the adbond due to the coupling to the phonon reservoir is now
# completely accounted for by the time-independent Liouvillian

o
_ _ 1 s :
1:g r = > Ls J:dr exp( 1La1)Lc(t)exp(1Lar) . (3.18)
;.;;:
:}’M An expansion of T in matrix elements with respect to adbond states will be given
e

+ g4 in Section V.
)

Y
a}' If we insert the expression for Lg and Lc(r) in Eq. (3.18), and use

]

:ku relation (3.5) for the exponentials, then we find that T can alternatively be
o cast in the form
.'\'
3 Tp = L(Qp - pQ") (3.19)
o

\Q?- vhere the Hilbert-space operator Q is defined as
)
.‘:. 1
:?} Q=3 I:dt G(t)exp(-iL 1)S . (3.20)
g ¥,
: %, The advantage is that Q only involves a single exponential. Furthermore, we
CIA
S5 directly find from the representation (3.19)
'9‘»:0

. + +

% Tra(rp) =0 , (Tp) =Tp (3.21)
D)
B

oY
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‘;;x which guarantees the conservation of trace and Hermiticity in the time evolution
A
o of oo(t).

\‘»“
o IV. RESERVOIR CORRELATION FUNCTION
1
: _: Properties of the crystal which affect the time evolution of the adbond are
:! all embodied in the correlation function G(t). In order to illustrate
4 quantitatively the behavior of G(t), we adopt a simple Debye model, which will
[N
::53 already reveal the most salient features of a crystal correlation function. In
et
f.:‘:a. this model, the dispersion relation is taken to be
¢ ¢.Q'
;-.:;:. w(k) = ckH(wy-ck) (4.1)
ey
ﬂ.:.\
o
:v"‘ with ¢ the speed of sound and H the unit-step function. The expression (3.15)
Wd

A is easily evaluated with standard tecl’\niques.23 It is elucidating to subdivide
*: G(<) in a spontaneous and a stimulated part, according to
3
Lo,

G(t) = G(t)sp + G(x)st (4.2)

oy

o

3 wvhere G(r)sp is by definition G(t) for T = 0. Hence G(r)sp is independent of T

*;
1PN and accounts for relaxation of the adbond due to the presence of the crystal,
g irrespective of its temperature. We find for this spontaneous part
)
‘g’
Y
i -1 (1 + ith)exp(-ith) -1

.!l =
:%.. G(x)sp Quy (NDT)Z (4.3)
i
‘aﬁ' with the parameter { given by
R
el
v C = 31[/“" . (l"l.)
:;»2 The real and imaginary part of G(T)sp are plotted in Fig. 1. For the stimulated
\
::s x contribution we obtain
-
,::é
o
'l:!
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me

G(t)st = ZCND-3 I:D dw n(w)wcos(wt) (4.5)

which is plotted in Fig. 2 for two values of the temperature. Here n(w) is the

average number of phonons in mode w, which is explicitly
n(w) = [exp(ph) - 117" . (4.6)

Figs. 1 and 2 illustrate that G(t) tends to zero indeed on a time scale mD-l.
although the decay is not exponential.
From Eq. (3.20) it follows that the relaxation constants (matrix elements

) of T) are determined by the Fourier-Laplace transform of G(t)

G(w) = % Iﬂ dt exp(iwt)G(1) (4.7)
0

with w equal to a transition frequency wy T oWy From Eqs. (4.3) and (4.5) we

readily derive
C(w)sp = CwD-awH(w)H(mD-w) - iw-1CwD-3(uD + wlogll-wblwl) (4.8)

C(w)st = CwD-3|w|n(|w|)H(wD - w])

+ iw-lﬂwb-sP IND dw' n(w') .E_ZEELE (4.9) 1
0 w

- w'!

wvhere P stands for principal value. These functions are plotted in Figs. 3 and
4. For negative values of w the real part of C(w)sp vanishes identically, which
implies that this contribution to I' represents a decaying part. The thermal

part obeys the relation

&(-w)_, = <’:(¢.,):t (4.10)




which indicates that upward and downward transitions between two levels, due to
the finite temperature of the crystal, have the same rate constant. Hence the
genuine thermal-equilibrium distribution is brought about by the spontaneous
part of the relaxation operator, which is temperature independent.

Setting w equal to zero yields immediately

rdTG(t) = cuD'z(-i + nkT/YuuD) (4.11)
0

which can be regarded as a measure of the strength of G(1). For kTZﬁmD the

stimulated transitions tend to dominate the spontaneous decay.

V. MATRIX ELEMENTS

Solving the equation of motion (3.17) for a particular configuration of
adbond states requires an expansion in matrix elements. Taking the k,f-th

matrix element gives

& ko ()]t> = -i<k|(L_p_(£))]2> - <k[(Tp (£))]2> . (5.1)

It remains to express the right-hand side in matrix elements of po(t). From the
definition (3.4) of La and the expression (2.4) of H,, we easily find for the

first term

<kf(L_p)|e> = & <k|p|e> (5.2)
for an arbitrary p, where

Bup ™ W T W@, (5.3)

is the level separation between the adbond states |k> and |1>.
Slightly more complicated is the evaluation of the relaxation operator T.

First we notice that the exponential in Eq. (3.20) can be expanded as

14
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exp(-iLat)p = 2 exp(-iAklr)Pkal (5.4)
ke
which yields the representation for Q
Q= % X G(a,, )P, SP, (5.5)
ke
in terms of the Fourier-Laplace transform of the correlation function. Then we
insert Eq. (5.5) into Eq. (3.19) and use the closure relation
2 P, = 1 (5.6)
i
which finally gives
*
<k](rp)]e> = 2 (ckm<n|p|z> + ¢y o <k|p|n>)
mn
b ) ( Fer o) (5.7)
®nikm ¥ Cmken) ®lPln> '
mn
in terms of the parameters
yemn * <k|S|2><m|S|n>C(Anm) . (5.8)
Equation (5.7) expresses the relaxation operator I' in matrix elements of the
derivative of the potential, S = dVI/dz, and G(w), evaluated at the frequencies
Akl' The combination of Eqs. (5.1), (5.2) and (5.7) turns the equation of
motion into a simple set of linear first-order differential equations, which can
be solved directly once a potential and an initial state po(O) are specified.
VI. ABSORPTION SPECTRUM
A density operator is not directly amenable to observation in an
experiment. One way of measuring properties of an adsorbed atom is by probing
. B - . E PR eGPt PR TR T SRR SR o ’ﬁﬂ*"\" -'»\
" ‘0 A‘). t'-b ‘.s.'l"g. M) "'o\ '-"r “'.,.:'.' ‘] '( , ) , \\-'..""'-' N a,'f - 2P ‘r_l ) .r . } ,’7‘ "‘ ()
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ésg the system with a weak monochromatic laser. A field with intensity IL (energy
§&; per unit of time that passes through a unit area, perpendicular to the direction
'f. of propagation) and polarization L is scanned over the resonances of the
é%:: system, and the power absorption I(wL) (absorbed energy per unit of time) is
i;; measured as a function of the laser frequency w . Photons are absorbed from the
ﬁ; field by the joint system of atom, crystal and their interaction (although the
5&2 atom and the crystal separately are both assumed to be transparent), so that the
L't absorption profile exhibits the details of the coupling between the adbond and
e the phonon field, rather than the properties of the adsorbed atom (the
204
fg%; potential) alone.
;:;E The interaction between the adsorbate and the radiation field is
:i established by a dipole coupling. Since the motion of the atom is restricted to
i;%% the z-direction, the dipole-moment operator u can be written as e, with u an
E:E operator in the Hilbert space spanned by the eigenstates |k> of the adbond
R
‘.;, Hamiltonian Ha. With E the electric component of the radiation field, we can
Eiﬁi include the interaction in the equation of motion (2.9) with the substitution
R
By H>H- e 'E . (6.1)

"
;:ig The probe beam is considered to be very weak, so that we can compute the power
;ﬁk{ absorption with the Golden Rule. From the Appendix of Ref. 1 we copy the formal
at. result
- e _

Te I(wL) = ILwL(coﬁc') Igz'ELl Re J;dx exp(imLT)Trp[u(T).u] (6.2)
fi: vhere c¢' is the speed of light and p is the thermal-equilibrium density operator
‘ﬁ;f of the entire system, but without the interaction -y-E. The t-dependence of
e
R

»
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u(<) is given by u(t) = exp(iLt)u. We remark that the commutator gives rise to
twe terms, where p(t)u (pu(t)) represents stimulated photon absorption
(enission). The net absorption is the balance between the loss and gain term

for photons in the laser mode.

Evaluation of expression (6.2) starts with the identity

Trplu(t),u] = Truexp(-iLt){u,p] . (6.3)
Then we introduce the quantity

D(t) = exp(-iLt){u,p] (6.4)

which is an operator in the entire phonon and adbond Hilbert space. With DO(T)

= TrpD(t), the adbond part of D(t), we can write Eq. (6.3) as

Teplu(o),ul = Tr_wd (1) . (6.5)
Then we notice that D(t) obeys the differential equation

1D(1) = LD(+) (6.6)
with initial condition

D(0) = [u.BOJBP (6.7)

where we have assumed that p - Boap' The equation of motion (6.6) is identical
to Eq. (2.9), which is sometimes referred to as the quantum-regression
theorem.27 This implies that the time regression of the dipole correlation
function D(t) is identical to the time evolution of the density operator p(t).
This, in turn, is tantamount to the statement that the dynamical properties of

the system are reflected in the frequency dependence of the absorption profile,

which elucidates the significance of a measurement of I(mL).

17
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Qf From Eq. (6.5) we see that we only have to solve Eq. (6.6) for the reduced
M
'v
g&. correlation function Do(t), which can be done along the very same lines that led
y.."
" to Eq. (3.17). Hence we can immediately write down the solution, which is
R
::53 D (1) = exp(-i(L_-il)0)fu,p ) - (6.8)
4
W
Substitution into Eq. (6.2) and performing the t integration then yields
y
2’# I(w ) = I w (e ﬁc')-lle ‘€ |2ReTr u i [u,p. ) (6.9)
s “L L“L %0 ~z <L a” w - L +ir "% )
e
l";!
. in terms of the steady-state solution Bo from Eq. (3.17), which obeys
)
N +
» - D = D = ) = p
N (L, -4 =0 , Trp =1 , B Py - (6.10)
WY
e From conservation of trace in the time evolution of po(t), it follows that
2
-f':-: 1 = 35 3 =
o lim Do(r) poTra(u.pol 0 (6.11)
o T+
e
;? which proves that the principal part in the upper integration limit Tt = «
b
;:ﬁ vanishes. Equation (6.10) is easily solved for any level configuration. Then
)
“ _
5;& ve insert p into Eq. (6.9), which determines the absorption profile in terms of
ﬂﬁy a matrix inversion.
e
0
3.; VII. LINE SHAPE
.‘l'r
Expression (6.9) represents the complete absorption profile as a function
:j:j of w . In order to disentangle the contributions from the various adbond
a}
'ii resonances, we consider the situation of two levels |1> and |2> with separation
] .)
I Wy < Wy - wy > 0, and we scan the laser over this resonance. The resulting
» Gl
5},' profile I(wL) is then termed the line shape of this particular transition. With
v
$v‘ the expansion in matrix elements from Section V, we can write down immediately
I".
- the equation of motion as a linear set of differential equations. With Pr12 ™
rre
.Eﬁ <l|p°lZ> and so forth for the other Pyyr W btain
o
el
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Kol R e R T RIS SIS VAR N WL S ey “-i
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d

L3t P22 = "lagiPyp *iape), (7.1)

i 4 P = ja,.p - ia,.p (7.2)
dt "11 21722 12711 ’
d = (0 -in)p,, + in exp(21v )

197 Py = (wy-indo,, + in exp(2ivglp,, (7.3)
d (-2 in")

1 3¢ Py = inexp ﬂas)p21 - (w°+ n ey, (7.4)

wvhere we introduced the abbreviations for the relaxation parameters
a, = |<k|S|2>|2ReC(Akl) (7.5)
2 *
n = 3]<2|s] 1] % (@) + 8-u)") . (1.6)

and neglected the couplings due to the small diagonal matrix elements <1|S|1>

and <2|S]2>. Furthermore, the phase vg of <2|S|1> is defined by
<2|s|1> = |<2|s|1>|exp(iws) . (1.7)

Of course, we can choose the phase between |1> and |2> in such a way that vy =
0, but it will turn out to be advantageous to postpone the definition of the
relative phase.

The steady-state solution of the set (7.1) - (7.4) is readily found to be

n, =a,/(ay +a,)) , 1 =a,/(a, +a),) (7.8)

for the populations ﬁk = Bkk' whereas the coherences 312 and 521 vanish. From

the set (7.1) - (7.4) we read off the matrix representation

me + ia21 -ialz 0 0 A
-ia21 w + ialz 0 0
w - L +il = (7.9)
0 0 o T + in 'iﬂ*exp(zﬂls)
{ 0 0 -1neXP(-21¢s) w +owyt in*J
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on the basis |2><2], |1><1], ]|2><1], |1><2]. The inverse of this matrix is then
substituted into Eq. (6.9). Matrix elements of the dipole-moment operator are

not necessarily real. We write
Qul> = |<2|u|1>lexp(iwu) (7.10)

and now we choose the phase of the wave function |1> in such a way that *u = *S'

Combining everything then gives for the absorption line

AwowLRerl

2 2 (7.11)

— - 1
I(w ) = IB(n, - n)ha=
Yy L 1 27"y (wo - w4 ZwOImn)z + Awi(Ren)z

where the Einstein coefficient B for stimulated transitions between |1> and |2>

is defined as

2 -1 2
B = n(e_k%') |<2|u|1>gz-§L| . (7.12)

Due to the fact the Ren and Imn are not necessarily small in comparison with w

the line is not a simple Lorentzian. A few examples of I(w ) are drawn in Figs.
NL

S and 6.

VIII. SECULAR APPROXIMATION

A great simplification arises if the relaxation constants Cximn 3FC small
in comparison with the transition frequencies Akl of the free evolution of the
adbond. In spectral terms this means that the widths and shifts of lines are
small in comparison with their central frequency, so |n|<<w° in the notation of
the previous section. Then the Liouvillian La will dominate the time evolution
of po(t) in Eq. (3.17), and the coupling between eigenvectors of L with
different eigenvalues can be neglected. Every frequency bee gives rise to a

single line, and the time regression of the correlation function does not couple

anymore between different lines.

In this approximation, every line evolves in a

2(
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secular fashion, which explains the origin of the name "secular" for this
limiting approximation.

Mathematically this implies that we can decouple the time evolution of the
coherences <k|p°(t)|2>, k # £, from the equation for the populations nk(t) =
<k|p_(t)|k>, since the free evolution of <k|p (t)]|2> is proportional to exp(-
1Aklt)' whereas nk(t) evolves with eigenvalue zero (Akk = 0). From the matrix
representation of section V it then follows that the coherences decay
exponentially to zero, and that the time evolution of the populations is
governed by the master equation

d

at "k T E(“zazk " Mydyy) (8.1)

L
where only the relaxation constants a. from Eq. (7.5) appear. Equation (8.1)
is a simple gain-loss balance for the population of level |k>, and we can
interpret the term noarg 3s the rate of transitions from |2> to k>, due to
single-phonon emission into the crystal (w2 > wk), or energy absorption from the
solid (wl < mk). The set of differential equations (8.1) should be accompanied

by the constraint

2 n, = 1 (8.2)
k

wvhich expresses conservation of trace.
From Eq. (8.1) it follows that the decay constant for level |k> can be

written as

Ak - Z . (8.3)

L

vhich turns the master equation into

A R T G R
k) (.4’&’4*4'. <. " "r'
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s
i We notice that in the secular limit, the relaxation constants, which determine
.‘ b '
1;}: the level populations, are real. The coherences, however, still acquire
.ﬂ?: contributions from the imaginary parts of the Cklmn's’ which amounts to the line
. shifts. An advantage of the secular limit is that the imaginary parts can be
1
)\
2 accounted for by attributing an effective level shift to each frequency W
)
g;? according to
'l'l
fh; ak = wk + QEImckllk (8.5)
N -
[
o
L Then we consider this transformation done, and suppress the tilde henceforth.
el For further use, we remark that in the secular limit the relaxation operator can
L) -
::;: be expressed entirely in projection operators. We obtain
'
¥ s
. Tp =} E akl(Pkp + 0P, - 2P1TraPkp) (8.6)
5 ke
A
‘ t‘
KOt as can be checked by inspection.
",a‘
. Obviously, the secular approximation is not suitable for the evaluation of
H:: the details of a line shape, since it turns every line into a Lorentzian. 1In
-
o,
iﬂ} the remainder of this paper we shall consider the effect of irradiation with a
‘ ii strong laser. Then the dominant features of this system will be determined by
250
~
\ﬁﬁ the driving field, rather than by the minor details of the coupling to the
NS
Ay phonon field. Hence we can adopt the representation (8.6) for the relaxation
)
e operator from here on.
s
s
b
:,;ﬁ IX. COHERENT EXCITATION
I.' s
D)
o~ Probing the adsorbate with a weak laser does not alter the dynamics of the
: 23 system. In a different application of lasers in these configurations, one
[ )
33
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deliberately tries to modify or affect the behavior of the system by driving a

particular transition with a strong, resonant field. The coherent nature of a

laser field (well-defined phase in its time evolution) provides essentially a

g different excitation mechanism than a coupling to a thermal bath, like the

n) phonon reservoir. Along with the fact that the laser power can be very high,
this then opens the possibility to drive the system away from thermal
equilibrium. The presence of the radiation will tend to maintain a certain
distribution of the population over the different levels, which has to compete
with the thermal relaxation. Therefore, it can be anticipated that it should be
feasible to actually change the dynamics of the adbond if the laser is
J} sufficiently intense. As mentioned in the Introduction, the first goal has been
to enhance the desorption by resonant excitation of the adbond.

Radiative transitions between vibrational adsorbate states have been

studied extensively, both in the weak-field case28-32 and for strong

fields.6’33-35 In the present paper we summarize and extend our own

approach,36-38 which is valid for arbitrary laser power and includes the effect
of the laser linewidth. We shall again work with a Liouville notation, which
allows a concise formulation. Suppose that the laser frequency is in close
resonance with a single transition of the adbond only, and tha% it couples a

ground state |g> (not necessarily the lowest state of the adbond) with an

excited state |e>, which are separated by
woilwe-w8>0 . (9.1)

The idea is that |e> is one of the high-lying states in the potential well,
vhich is very unlikely to be populated by thermal excitation. Then this

configuration automatically excludes resonant coupling between other levels.

1T g ® T Ca W M N «,d-' ﬂ..w‘ ~ Y AN
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= Radiative transitions only occur between |e> and |g>, but the thermal coupling

oY recains present between all levels,

1S Y The electric component of the laser field at the position of the adbond is

S given by

E(t) = E Re g exp{-ilu t + ¢(t)]} (9.2)

’E&ﬁ where ¢(t) is a real-valued stochastic process, which is responsible for the
N

" broadening of the laser line around its central frequency w - It can be shown39
¢
'2¢H that the response of the system is quite insensitive for the stochastic details
4Wo%
 ‘¢; of ¢(t), provided that we restrict the description to single-mode fields. We
- shall take ¢(t) as the independent-increment process,"0 which covers the more
\JEJ familiar Gaussian white-noise and random-jump processes as special cases. The
‘ -

) L]
,bﬁ} multiplicative stochastic differential equation for this diffusion process has
3
e been solved in the Appendix of Ref. 41, where it turns out that the spectral

P

EAN ]

ﬁ:j prcfile of the laser is a Lorentzian, whose half-width at half-maximum is

,'.'-.
;;?ﬁ denoted by A.

‘o | | .

The dipole coupling between the adbond and the laser field, Eq. (6.1), now

-

i'ﬁ attains the explicit form

wh'r
Bl

MNG
h.-{ -u-E(t) = -}ﬁn|e><g|exp{-i[th + ¢(t))} + Hermitian conjugate (9.3)

(W

P
,Qyi vhere the usual rotating-wave approxim.at:ionl'2 has been made, and permanent
D _‘.."_

- ‘-‘
:E&} dipole-moments have been omitted. The strength of the coupling is determined by
(!,
the Rabi frequency

W

T 1

LSAS) = %k .

Y Q=R E |<elue lo>] - (9.4)
B *S
T Then the equation of motion for “he reduced density operator becomes

2

o

n'h
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_"il

e d_ - -y -

:2' iﬁdtpo(t) (H, - u-E(e),p (t)) 1ﬁrp°(t) (9.5)
b

which now contains the interaction with the external field explicitly.
AT
ﬁ% A convenient way to eliminate the fast oscillations with the optical
Sj frequency W from the Hamiltonian is by the introduction of the stochastic
| unitary transformation43
#
)
W
o o(t) = exp{-i{w t + ¢(t)IL }p (t) (9.6)
'a.:: mL g o0
which contains the Liouvillian

.
£
L3 Lp={(P . (9.7)
:s: g® ( g.p]
a\.
¥
. It is easy to check that the transformation only affects the coherences, so that
75
ié we have

o]
bty <klo(t) k> = n, (£) (9.8)
»:'?4
%& for every level |k>. With some algebra, we find the transformed equation of
B

\
i% motion to be
B

)b .d_ = i -
b? igy o(t) (Ld + ¢(t)L8 ir)o(t) (9.9)

vith Ly = n’llﬂd,p] and

35: Hy =, + R P - dHa(|e><g| + [g><e]) (9.10)
:.;:';
3& the dressed-adbond Hamiltonian. This Hd has the significance of representing
29,
— the free adbond (Ha)’ the free evolution of the single laser-mode and their
15
:f; dipole coupling. Phonon transitions (I') and phase fluctuatijons (Q(t)Lg) couple
'Y
5

the eigenstates of Hd’ which both give rise to relaxation of o(t).
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The appearance of the time derivative #(t) of the stochastically
fluctuating phase turns the equation of motion for o(t) into a multiplicative
stochastic differential equation, and the density operator o(t) into a

stochastic process. Only the average over many realizations of the process ¢(t)

can have relevance, and we write
n(t) = $o(t)} (9.11)

where the brackets {...} indicate the average. Then Eq. (9.9) is easily

solved for its average, and we obtain the equation of motion for N(t)
d
137 = (Ly - iW - ir)n(e) (9.12)

where the effective relaxation operator, which accounts for the finite laser

linewidth, is given by

W= ALé . (9.13)

This operator can alternatively be represented as
Wp = A(Pp+ pP - 2P Tr P (9.14
p (89 PP 8ragp) )

which is reminiscent of the structure of I', Eq. (8.6). In Eq. (9.12) we can
incorporate the effect of the laser linewidth by the substitution .88 - ‘88 + 22
in the definition of T, although in general this is not the correct procedure,

as we will see in due course.

X. DRESSED STATES

Both the laser linewidth and the coupling to the phonon reservoir give rise

to a damping of the free evolution of the dressed adbond, which is represented

by the Liouvillian Ld in Eq. (9.12). This L, is the analogue of La from Eq.

d
(3.17), pertaining to a field-free system. In order to illuminate the physical
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picture, we diagonalize the Hamiltonian Hd. First we rewrite Eq. (9.10) as

Hd = X ﬁwiPi + iﬁ(we + wg + wL)(Pe + Pg)
ize,g

- dhace, - Pg) - ha(je><g| + |g><el) (10.1)

with 4 = w e the detuning from resonance. Diagonalization of Bd is now

trivial, and we find the eigenvalue equations to be
Hylk> = By [K> , k = e, (10.2)
Hylt> = bh(w, + wg +up Fa)|e (10.3)
in terms of the generalized Rabi frequency
' = (1 + a2l . (10.4)

Hence the dressed states |k> with k # e,g are equal to the adbond states |k>,
and they have the same eigenvalue, whereas the states |e> and |g> form the

linear combination
|+> = |g>sindo + |e>cosie (10.5)
|-> = |g>cosie - |e>sinko (10.6)
which is parametrized with the angle
© = arctan (Q/a). (10.7)

The position of the dressed states with respect to the adbond states is

illustrated in Fig. 7.

XI. STEADY STATE




Solving Eq. (9.12) for a transient regime [0,t]) has little significance,
since a preparation of a specific initial state N(0) is practically not
feasible. Any state NM(0), however, will relax to the same long-time solution T

on a time scale of the order of r'l. Therefore, we consider in some more detail

the equation
(Ly - iW - inNT =0 . (11.1)

Due to the presence of the driving field, the equations for the populations Hk =
<k|ﬂ|l> will not necessarily decouple anymore from the equations for the
coherences between different states. In general, all matrix elements of 11(t)
couple, but it turns out that in the steady state the coherences for k = ¢
vanish, provided that (k,%) = (e,g). Taking matrix elements of Eq. (11.1) shows
that the relation between the populations only involves the coherence between
the driven transition |e> - |g>, as could be expected. Using m=n gives the

important relation between the real and imaginary parts

(A, + Ag + 2Xx)Re<e|N|g> = -28Im<e|T|g> (11.2)
which enables one to combine the equations for Hg and He as

ar(ﬂ8 -n) = Qlm<e|N|g> (11.3)

in terms of the parameter

MA, +A0) +2 (11.4)

2
a_ ia

2 2
{5(Ae + Ag) + A} + A

With the aid of Eqs. (11.2) and (11.3) we can eliminate the coherence, which

finally yields the set of equations for the populations

2 Hlau = Akuk » k2e,g (11.5)
L




E Myage = Al - a,(T - 1) (11.6)

[ A
X Myagy = AT +a (T - 1) . (11.7)
'

This set can be considered as a steady-state analogue of the master equation
(8.1).

Inspection of Eqs. (11.5) - (11.7) shows that we can write the set
alternatively as

E May, = Z Mat, (11.8)
L

where the primed constants are defined as

KL » k,L # e,g or g,e

a ., ta k,2 = e,g or g,e . (11.9)

In the same fashion as when we identified the quantity Hk‘k! as the rate of
transitions from |k> to |l> due to single-phonon processes, we can now interpret
Hear and Hgar as the rates of stimulated radiative transitions from |e> to |g>
and from |g> to |e>, respectively. We shall see in Section XIV that the optical
transitions acquire contributions from both single-photon and multiphoton
processes. Notice that the three optical parameters @, 4 and A only enter the
equations for the populations through the combination (11.4) in a.

Furthermore, the rate constant a_ is linear in the laser power (- 02), which
implies that the number of radiative transitions increases indefinitely with an
increasing incident intensity. Obviously, the net absorbed power by a single

adsorbed atom should reach a saturation value in the limit of high irradiances.

This will be shown in the next section.

29[




XII. LASER HEATING

Radiative excitations of the adbond occur at a rate arﬂg, whereas

stimulated emissions of photons in the laser field, accompanied with |e> + |g>

N transitions, happen arﬂe number of times per unit of time. Balancing the rates
{23
Tl gives an effective rate of ar(ﬂ8 - ﬂe) for the absorption. Every transition

corresponds to an effective absorption of a laser photon, so that the power
absorption should roughly be equal to MwLat(Hg - He). Since the accumulated
energy in the vibrational bond must be constant in the steady state, the
absorbed power from the laser beam equals the power flow into the crystal. This
process of laser heating of the substrate is entirely mediated by adsorbates,
because the crystal itself was assumed to be transparent.

In Section VI we evaluated the power absorption from a weak monochromatic
incident field, by applying the Golden Rule. Obviously, this approach fails for
strong, finite linewidth radiation, so that we must find another way to
calculate the power absorption. This is accomplished by considering the work

done on the dipole moment by the external field, which is formally given by“2

P(t) = g(t)-g;<g(t)> . (12.1)

Here, u(t) = exp(ilt)u and the angle brackets denote the quantum expectation

value. Transformation to the Schrodinger picture gives

dp
0
P(t) = Tr‘lg(t)'ylaz- (12.2)

which only involves the reduced density operator po(t) of the adbond, rather
than the Liouvillian L in Eq. (12.1), which pertains to the entire system. With

transformation (9.6) we go to the o-representation, which yields

P(t) = ha(d

dt Re<e|o|g> + (w + ¢(t))Imcejo]g>} . (12.3)
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Application of the equation of motion (9.9) for o(t) results in

15t Ao AT

P(t) = - ha(a_ + As)Re<e|o|g> + $aw Im<e|o|g> (12.4)

which elminates both the time derivative and ¢(t) from expression (12.3).

2

Bquation (12.4) clearly exhibits that power absorption from an external field is
reflected in the appearance of coherences in the system.
The quantity P(t) depends stochastically on time, due to the fluctuations

in the laser phase. If we define the steady-state power absorption by

I(w ) = lim §P(t)} (12.5)
too
then we obtain I(wL) from Eq. (12.4) with the substitution ¢ » . Subsequently
we use Eqs. (11.2) and (11.3), which amounts to

I(w ) = h{w - E:Sﬁ“—--—(—ng-)--) (m -1m) (12.6)
“L “L At Ag + 273 g e’ )

For a monochromatic laser this reduces to I(mL) = )ﬁwLar(H8 - ﬂe), as anticipated
in the beginning of this section. With increasing laser linewidth A, the factor
in curly brackets tends to Wy which reflects that for A large, the frequency wy
loses its significance. Then photons are considered to be absorbed in an |e> -
|g> transition, which correponds to an excitation of the sytem with energy ﬁwo.
Furthermore, we remark that the effect of the laser linewidth in Eq. (12.6)
cannot be incorporated by the simple substitution ‘88 - ‘88 + 2), as was the

case for the equation of motion for N(t).

With Eq. (11.6) we can cast expression (12.6) in the form

I(w) = hul (AT - er a } (12.7)
L
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e
aﬁ where wi is an abbreviation for the term in curly brackets in Eq. (12.6).
'
¥,
d§u‘ Representation (12.7) of the power absorption only involves phonon-relaxation
e 1’!

constants, and not a_ anymore. From the restriction 0 < ﬂk < 1, which holds for
c':.:
gﬁ ' every population, we immediately deduce the upper limit
L )
3
] \
A Tw ) < hayA, (12.8)
3!»'
:& . for the laser heating of the crystal. Although the rate constant a for
. o
'y -
:5.: stimulated transitions can become arbitrarily large, the net power absorption
> exhibits a saturation, where the upper limit is set by the phonon rate constants
o A
' ,; rather than by optical parameters. This can be understood frcm the fact that an
¢ Seh
h*& absorbed photon can only be converted into thermal energy through a phonon
Ay
e transition.
s
N
b XIII. TRANSITIONS BETWEEN DRESSED STATES
bl In Section VIII we adopted the secular approximation for the phonon-
!.‘
s transition operator I with the argument that the time evolution of po(t) is
3 A A ~.
;QN' dominated by the free-evolution Liouvillian L; of the adbond. This gave rise to
W
‘1

the identification of the rate constants a, for the transitions |k> ~» |2,

which occur at a rate nk(t)akl' For the strongly-driven adbond, however, the

L
-

TE

time evolution of the system is governed by Bq. (9.12) for N(t), which contains

f’ﬁf-@‘

— the free evolution of the dressed adbond L, as the dominant part. Hence it

d
:T; would seem to be more appropriate to define the secular approximation with
i
E?% respect to the dressed states, rather than with respect to the field-free
it states. Essentially, we should start with Eq. (2.9), include the interaction
;;f °E'§(t) with the laser field in the Hamiltonian, transform to the o-picture, and
,§i3 incorporate the phonon coupling. This procedure gives an expression for T in
A the presence of a driving laser in which we can subsequently drop the non-
;ﬁ?g secular terms with respect to dressed states. In a previous papar36 we executed
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this laborous scheme, and it turned out that the results are (almost) identical
to the simplified derivation which we now give here.

In order to achieve an expression for T with respect to dressed states, we
merely have to express the projectors Pe and Pg in Eq. (8.6) in dressed-states

basis functions |+> and |->. PFrom Eqs. (10.5) and (10.6) we readily find
P =g P, +8,P - ([<] +[->¢]) (13.1)
Ps =g P +g P + g°(|+><-| + |-><+|) (13.2)
where we have introduced the abbreviations

g = coszbe y B, = sinzio » B, " cosiOsinlo , (13.3)

+

and the projectors ?t = |+><¢| onto the dressed states. Next we substitute the
expansions (13.1) and (13.2) into Eq. (8.6), and drop the non-secular terms.
Care should be exercised, however, because a |+> » |+> transition between two
doublets (Fig.7) is in exact resonance with a |-> - |-> transition, and
therefore couplings between these transitions should be retained. Combining
everything then results in

Tp = 4 2 5k1(pkp + pPk - ZPth.Pkp)
kt

+ gg(aeg T8 t A, agg)(P+pP_ + P oP) (13.4)

where the term proportional to gg comes from the mentioned degeneracy, and Pk
denotes a projector onto a dressed state. Representation (13.4) gives rise to a
master equation with respect to dressed states, which implies that we can
interpret the parameters akl as the rate constants for transitions between

dressed states.
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iéﬂ} Of course, the parameters akl can be related to the relaxation constants
'y 15
‘:e')
otk a, with respect to the adbond states. For k # e,g and L = e,g, we obviously
i have a = a,,- If one of the states |k>, |&> equals a |+> or |-> state, we
e

t" o) find
12N
L

Y

- akt = g;ake + gtaks (13.5)
?“e

i:"-.

O a, =ga. +ga (13.6)
&gé tk 7 ek t gk
,2'} in terms of the optical parameters g,. Transitions between the |+> and |->
L
?Qﬂ states are governed by the rate constants
[ "',p
o

* a,_ = gza + gia + gz(a +a ) (13.7)
e 7 t ge 7 ©8 o “ee 88
it

A
.:ﬁ: a = gz(a +a )+ gza + gza . (13.8)
o tt o “ge eg 7 ee tTgR

‘i.!'!‘l-
s Interaction with the phonon field is now regarded as the occurrence of single-
A g
n'-’._

t;: phonon transitions between dressed states. Relaxation constants which connect
-" -
ey an adbond state |k> # |e> or |g> with a dressed state |+> or |-> acquire a
,ﬁ"% contribution from two distinct processes, due to the fact that |k> couples with
et
ﬁ\ 2 both the doublets in Fig. 7. 1In order to find out which term corresponds to
L %

4
R vhich transition, we recall the definition (7.5) of the parameter a ,. We

‘?i; notice that the reservoir correlation function § is evaluated at Akl' which
v&t%: equals the frequency of the phonon for that particular transition. Therefore,
‘i

iﬁ& the terms with ay and L represent transitions from and to the upper doublet,
f"‘ respectively, whereas the terms with agk’akg describe single-phonon transitions
e
?~ . between |k> and the lower states. In a similar way we can interpret the various
i terms in Eqs. (13.7) and (13.8). In Fig. 8 the different processes are
:.— indicated by arrows, and the accompanying optical factor specifies the term in
A
N Eqs. (13.5) - (13.8).
:q:l“
.
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XIV. PHOTON-PHONON CONVERSION

Stimulated radiative transitions between adbond states are incorporated in
the diagonalization of Ha - u'E, and therefore only single-phonon transitions
persist in a pictorial representation of the various processes with respect to
the dressed states. In order to elucidate the mechanism of photon absorption,
and to establish the relation with the process of laser heating, we consider the

limit of (relatively) low laser power. To this end, we first note that g8, can

be expressed in Q and A according to

=31 F (1 o+ et (14.1)
2

which depends only on the optical parameters through the combination QZ/A . For

weak fields we then obtain
)
g. = 1 - Qz/“Az ’ 8+ = QZ/ZOAh (14.2)

which shows that g_ remains present without a radiation field. Rate constants

which are proportional to g_ must consequently correspond to radiationless

transitions. On the other hand, the factor g, is proportional to the laser

pcwer, which implies that every factor B, in a a corresponds to the absorption

ke
or emission of a photon. In this fashion we can track down the significance of
the optical factors in the relaxation constants with respect to dressed states.
In Fig. 9 we draw the diagrams with respect to the adbond states, and they are
in the same order as the corresponding diagrams of Fig. 8. All transitions with
a rate constant proportional to gi-g_g+ are single-photon processes.

Now it should be obvious how the process of laser heating of the crystal
can be conceived as a result of many photon-phonon conversion reacticns. Every

phonon in the diagram corresponds to an energy exchange between the adbond and

the crystal, whereas a photon transition amounts to an energy transfer between

<&
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the laser field and the adbond. A combined photon-phonon diagram, therefore,
represent effectively an exchange of energy between the laser and the crystal, a
process which is mediated by the adsorbate. Summation of the contributions from
all diagrams, weighted with the probabilities for the diagrams to occur, then

gives the net power absorption by the crystal.

XV. SUMMARY 1
We have studied theoretically the optical properties of an adsorbed atom,
in a vibrational bond, on a crystal. Coupling of the adbond states with the
phonon field of the substrate have been assumed to be brought about by single-
phonon transitions only, which is the main approximation in the presented

theory. It is straightforward, however, to include higher-order processes,

especially when the interaction is taken to be a Morse potential. Then all
matrix elements can be evaluated analytically, and a system with an arbitrary
nunber of adbond states can be parametrized with the depth, width and position
of the binding potential. We have chosen to restrict the approach to single-
phonon transitions, which allows a clear interpretation of the coupling
mechanism. Then we can incorporate the interaction with the crystal with a
single phonon-field amplitude correlation function G(1), which was studied in
detail in Section IV. It is the behavior of this crystal-response function that
determines whether the reservoir approach to thermal relaxation can be justified
or not. In particular, the decay of G(t) must be sufficiently fast, in
comparison with the adbond relaxation rates, in order to impose a Markovian time
evolution on the reduced adbond density-operator. This decay time is typically
of the order of the inverse Debye frequency, which is reasonably small in

comparison with the rate constants for a single-phonon process (- one order of

magnitude).
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Subsequently, the absorption line shape has been evaluated, showing

* ccnsiderable deviation from a Lorentzian in certain cases. The origin of the
! distortions and the shifts, other than the common Lamb shift, has been tracked
N

2 dcewn to the presence of non-secular terms in the time evolution of the density

operator, which in turn appears as a consequence of the fact that the damping
constants are not necessarily small in comparison with the transition
frequencies.

Next, we have considered the irradiation of the adsorbate by an intense
ncn-monochromatic laser. The laser linewidth is assumed to arise from a
stochastically-fluctuating diffusive phase of the driving field. Diagonialization
of the Hamiltonian is accomplished by a stochastic transformation, which yields
the dressed states. These states can be interpreted as the joint eigenstates of
the adbond, the single-mode laser and their interaction. We have analyzed the
equation of motion for this sytem and discussed some properties of the steady
state. In particular, the coherence of the driven transition does not disappear

in the long-time limit, which indicates that the system is not in thermal

equilibrium.

Then the power absorption has been obtained from the work done on the
dipole by the external field. The finite bandwidth of the laser gives rise to
an effective photon energy twi. with wi in between w_ and w . Then the power
absorption can be written as I(wL) = ﬁwiar(ﬂs-ﬂe), with a the rate of optical
transitions. It has been shown that a_ is linear in the laser intensity, which
ioplies that Hg—He tends to zero in the high-intensity limit, since the
absorption rate must remain finite. Stimulated transi ions, which occur at a
rate a Eq. (11.4), are reduced by an increasing linewidth, if the system is

driven close to resonance (4 -~ 0), whereas far off resonance the linewidth

enhances the number of transitions (at~A). This feature is easily understood:
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in the case 8 -~ 0 most laser photons are farther off resonance than for
mcnochromatic incident radiation. On the other hand, for a large detuning there
is still a considerable amount of photons in close resonance, which have a large
probability to be absorbed.

As a last issue, we have devived the rate constants for single-phonon
transitions between dressed states. In the low-intensity limit, these processes
can be interpreted as single-phonon/multiphoton processes in adbond-state
diagrams, where "multi" stands for zero, one or two. This reveals that
phkotoabsorption is inevitably accompanied by a downward phonon transition, which
gives rise to heating of the crystal. Light-induced desorption through resonant

excitation of a high-lying state is consequently bound to have an extremely low

efficiency.
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S
?':’i Pig. 1. Real (a) and imaginary (b) parts of the correlation function G(t)sp,
.“'.
. divided by ﬁle-)l, and as a function of wyt. From Eq. (4.11) it follows that the
i! ’
~ - integral over curve (a) equals zero.
3N,
EW
f!f..” Fig. 2. Stimulated part of the reservoir correlation function, divided by
N
. 2Cul.)2k'l‘/ﬁ. and as a function of Wyt Curve (a) corresponds to ﬁmD = 0.001kT
i\
"\,“ (high-temperature limit), and for curve (b) we have taken quD = 4kT (low-
oy
:::"0 temperature region).
T
5 Fig. 3. Real (a) and imaginary (b) parts of the Fourier-Laplace transform of
.‘..‘
& -
:"“ the spontaneous part of the correlation function, divided by CNDZ. and as a
“y
:;:.: function of w/mD. The real part vanishes for w < 0 and for w>uD, whereas an
. iraginary part is present for every w.
°t
A
*."\H' Fig. 4. Same as Fig. 3, but now for the stimulated part. Normalized by CkT/YmS
1138
2 ard for YnuD = 3kT. The real part only vanishes for |w|>mD. Singularities in
bt
" the imaginary part appear at w = ¢ W which is an artefact of the sharp cut-off
.
k_:j:: of the dispersion relation at wpy- Any smooth decay for w > W but still
> T
-*'.':: arbitrarily steep, will result in a finite value of the correlation function at
w = ¢ .
o k
.:.‘ Fig. 5. Absorption line as a function of w » and divided by ILB(El - r—\z)ﬁ.
Ry .
.4;:‘” Frequencies are in units of w The parameters for these curves are Imn = 0 and
N
o Req = 0.5,1,2 for a,b,c, respectively. For a decreasing Ren (- linewidth), the
s
? profile tends to a Lorentzian with half-width at half-maximum equal to Ren. For
o
Y
‘,'::. Imq = 0 the maximum is always situated at w .
Fig. 6. Same as Fig. 5 but now with Ren = 0.2 for all three curves. The
b,
" irmaginary parts of n, the lamb shift, are +0.3, -0.5 and -0.6 for a, b and c
4{
b respectively. For Imn small, the line around w =W only shifts over a
LN A
.5-. distance Imn, but for larger values the line shape changes dramatically. The
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;é top of the curve is always at w = wo(|l+21mn/wo|)!. which is independent of

'ﬁ Re~. For Imn small in comparison with W, the top appears to W oz ey + Imn.

N Fig. 7. Diagonalization of the dressed-adbond Hamiltonian. The diagram on the
i left-hand side represent product states of the adbond |e>,|g>,|k>,... and the
b free evolving laser |n>, with n = 0,1,2... the number of photons in the mode.
o States |n> and |n+1> are separated by the photon frequency w. In this diagram
:ﬁ we have taken & = w ot owg > 0. Since the laser is assumed to be almost on

&f resonance, we have a ladder of doublets separated by the detuning A. Then the
té dipole interaction couples the states which form a doublet, but it does not

? couple two sets of states. A diagonalization in turn gives rise to the diagram
ﬂ: on the right-hand side, where the separation in the new doublets equals Q',

which is always larger than A.

Fig. 8. Single-phonon excitations of the laser-adbond system. The diagrams

v with the arrows in the opposite direction (not shown here) correspond to phonon

'; emission into the crystal. The three diagrams with the double arrows persist in

:3 the absence of the laser and correspond to radiationless transitions between

i adbond states. Solid arrows have rate constants proportional to B,» SO that

ZJ they represent single-photon processes. For strong fields the gi transition

b5 appears, which couples the two doublets by a two-photon process. The right-most

Y diagrams give transitions in a single doublet via a single-photon process.

'{ Their rate costants are proportional to the diagonal matrix elements of the

if derivative of the binding potential, which are small. For zero temperature

$: these transitions vanish identically, since then we have a." a88 = 0,

A Fig. 9. Low-intensity interpretation of the diagrams from Fig. 8. With respect |
% to the adbond states, a single-phonon process goes together with photon |
A absorptions and emissions in such a way that the resulting diagram is energy

? conserving. The sequence of processes in a single diagram can only give rise to
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transitions between the real states |e>.|g>,|k>..... but intermediate states can

be virtual in this picture. The diagrams are in the same order as in Fig. 8,

and for the phonon-emission processes we simply reverse the directions of all

\“ arrows.
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